ABSTRACT: Spherically supported bilayer membranes on cationic polymer beads were prepared from naturally occurring phospholipids (phosphatidylcholine (PC) and phosphatidylserine (PS)). The amount of phospholipids bound to the cationic polymer beads from the liposomal suspensions of various lipid compositions increased with increases in anionic PS. Confocal fluorescence microscopic observations with a fluorescence membrane probe indicated that the phospholipid molecules in the phospholipid-bead complexes were along the surface of the beads. Negatively charged trypan blue dye was preferably bound to the phospholipid-free beads by electrostatic attractive interaction, but was excluded from the phospholipid-bead complexes due to the bilayer membrane structure formed on the beads. This method could provide a better mimetic of biological membranes in comparison to physically unstable conventional liposomes.
INTRODUCTION L
iposomes are artificial closed vesicles of lipid bilayer membranes. Since the first description of liposomes by Bangham in 1965 [1] , they have been widely used as simplified models to obtain basic information on the structure-function relationship of biomembranes in the fields of chemical and/or physical biology [2] [3] [4] . Most liposomes have much smaller diameters (submicrometers) and higher curvature than the biological cells, although, liposomes with diameters up to 100 mm have been developed [5] [6] [7] . The yield of liposomes with diameters greater than 10 mm is often lower under high-salt conditions [8] . The poor mechanical stability is due to their hollow structure, which also impedes the use of large-sized liposomes (giant liposomes), as model biological membranes.
An effective means to overcome the drawbacks of large-sized liposomes is to use supporting materials under the lipid bilayer membrane. Lipid bilayers on solid supports were developed two decades ago as a model system for biological membranes [9] . It was found that the lateral and rotational mobility of lipid molecules in the bilayer membranes was preserved, as the lipid bilayer was not covalently coupled with supporting materials: a thin layer of water between the solid supports and the lipid bilayers ($1-2 nm) maintained the dynamic properties of free lipid bilayers. Spherically supported membranes are thought to assemble around micron-sized beads, such as silica and glass beads, by essentially a vesicle fusion process [5, [10] [11] [12] [13] . Such systems provide membrane morphologies that can be easily controlled with good reproducibility and stability [14, 15] . Recently, a more sophisticated system, in which lipid bilayers are tethered to the support through the avidin-biotin binding, was reported [16] . Despite the amount of research on vesicle adsorption during the last two decades [17] [18] [19] , there is still no clear picture of the forces and various events that a vesicle undergoes as it adheres, fuses, and spreads on a solid surface.
Consequently, we developed a novel methodology for the preparation of a polymer bead-supported lipid system, in which the electrostatic attractive interactions between lipids and polymer beads serve as 'molecular glue' to immobilize lipid bilayer membranes on polymer beads [20] . When a cationic polymer bead-supported synthetic anionic lipid bilayer membrane system was applied to a packing material for ionexchange chromatography, the ionic properties of the lipid bilayer surface were reflected in the retention behavior of selected proteins [21] . In this study, the ionic polymer bead-supported lipid systems were prepared from naturally occurring phospholipids.
EXPERIMENTAL Materials
Dioleoylphosphatidylserine and egg yolk phosphatidylcholine (hydrogenated) were purchased from NOF Corporation (Tokyo, Japan). DIAION SA11A (a styrene-divinylbenzene-based nonporous quaternary ammonium type anion-exchange bead with a 0.35-0.55 mm in diameter and its ammonium nitrogen content is 0.85 mmol/mL polymer in water) was obtained from Mitsubishi Chemical Co. (Tokyo, Japan). Octadecylrhodamine B (ODR) chloride was from Molecular Probes, Inc. Trypan blue dye was obtained from Nacalai Tesque Inc. Water used in this study was generated using a Milli-Q Biocel system. All other chemicals were of commercial reagent grade and used as received.
Preparation of Phospholipid-SA11A Complex
Phospholipids (25 mmol) were placed in a round-bottom flask and dissolved by adding 5 mL of chloroform. The chloroform was gently evaporated under reduced pressure. After the addition of 50 mL of 0.05 M Tris-HCl buffer (pH 8.5) to the flask, the mixture was vortexed for 1 h. The milky suspension obtained was sonicated using a probe (Sonicator 250D, Branson, Danbury, CT, USA) at 80 W for 15 min. Ten milliliters of the liposomal suspension were shaken with 1 mL of SA11A at 558C for 30 min. The obtained phospholipid-bead complexes were thoroughly washed with 0.05 M Tris-HCl buffer (pH 8.5) and kept in the washing buffer at room temperature until use.
Zeta Potential and Mean Particle Diameter of the Liposomes
Zeta potential and mean particle diameter of the liposomes used for the preparation of the phospholipid-SA11A complexes were determined using an ELS-7500 (Otsuka Electronics Co., Ltd, Osaka, Japan) and a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK), respectively.
Determination of the Phosphorous Content of the Complex
After wet digestion of the lipid vesicle suspensions, using a 4:1 mixture of nitric and perchloric acid, the phosphorous content was determined based on vanadium (V), which is capable of forming a yellow complex with phosphate ion [22] . The color produced by the complexation was monitored at 440 nm. Phosphorous amount of the beads was calculated from the difference in phosphorous concentration of the liposomal suspension between before and after preparation of the phospholipid-SA11A complexes. Phosphorous amount in SA11A beads used was less than 0.01 mg/mL-SA11A.
Octadecylrhodamine B Labeling and Fluorescence Microscopic Observation
Half milliliter of ODR ethanolic solution (25 mg/mL) was added to the 50 mL of liposomal suspensions just before sonication, as reported by Sunamoto et al. [23] ; the phospholipid-SA11A complexes with ODR were prepared as described above. Confocal laser scanning fluorescence microscopic observations were performed on an LSM 710 equipped with operation software ZEN 2008 (Carl Zeiss, Inc., Tokyo, Japan). An objective with a 10-fold magnification and a 1.15 numerical aperture was used to detect fluorescence emission excited by He-Ne 543 nm laser beam (1 mW).
Trypan Blue Exclusion Test
Phospholipid-SA11A complexes or lipid-free SA11A was put into 0.002 w/v% trypan blue solution, and allowed to stand for 1 h at room temperature with gentle shaking occasionally. After washing thoroughly with 0.05 M Tris-HCl buffer (pH 8.5), the specimens in wet state were observed under a light microscope SMZ-800 (Nikon, Tokyo, Japan).
RESULTS AND DISCUSSION
The phospholipids-cationic bead complexes were prepared by a simple method; the liposomal suspensions from phosphatidylcholine (PC) and phosphatidylserine (PS) were mixed with the beads at a temperature that the PC and PS are in lamella states. Using our methodology, the adhesion of the liposomes onto the surface of the beads by electrostatic interactions and subsequent liposomal membrane fusion and restructuring to the continuous phospholipid bilayer membrane structure was expected. The mean particle diameters and zeta potential of liposomes used for the preparation of the phospholipid-SA11A complexes are summarized in Table 1 and Figure 1 , respectively. PS-containing liposomes were colloidal particles ranging from 40 to 100 nm. The magnitude of zeta potential, a measure of the mobility of colloidal particles in electric field, increased with increases of anionic PS in the liposomes. With increasing the fraction of PS in the liposomes, the amount of phosphorous in the phospholipids-SA11A complexes obtained also increased (Figure 2 ). This indicated that electrostatic attractive interaction between anionic PS and cationic SA11A plays a role during the formation of the phospholipids-SA11A complexes. To examine the location of the liposomal membranes in the phospholipids-SA11A complexes, a fluorescence membrane probe (octadecylrhodamine B (ODR)) was added to the liposomes during the preparation of the complexes. The ODR-labeled complexes were subjected to confocal laser scanning fluorescence microscopy to check the cross-sectional views. For all of the phospholipids-SA11A complexes, ODR fluorescence was only observed along the outline of the beads and not inside the beads (Figure 3) . These images clearly indicate that the phospholipid bilayer membranes formed are localized on the outer surface of SA11A beads. When the complexes were prepared by the reverse phase evaporation method [20] using PC and PS mixtures of similar composites, ODR fluorescence was also found in the same location of the complexes with no fluorescence in the inner part of the beads (data not shown).
The membrane integrity on the surface of the complexes was tested using the Trypan blue (TB)-exclusion method, which is commonly used for counting the number of viable cells in cell culture experiments [24] . TB leaks into cells that have grossly disrupted plasma membranes, and hence its uptake denotes whether cells are viable or not. The sulfonic groups, on the TB molecule, bind strongly to SA11A beads by electrostatic attractive force with ammonium groups on SA11A. Although the phospholipid assemblies locate on the outer surface of SA11A, the liposomes and/or their aggregates may simply adhere onto the surface of the beads without any structural changes of the liposomes, such as membrane fusion. If so, an anionic low-molecular weight species, such as TB (Mw 960.8) can easily pass through the liposomes or their aggregates, and bind to cationic SA11A beads. If SA11A are fully covered with continuous phospholipid bilayer membrane structures without any defects or edges, the complexes can exclude TB molecule, as do living cells. When both the phospholipid-free SA11A and the complexes were soaked in a TB solution, the SA11A was stained blue, while no staining was observed for the phospholipid-SA11A complexes (Figure 4) . Therefore, SA11A was thought to be covered by phospholipid-closed membranes well enough to exclude TB molecules. In the PC, PS-SA11A complexes, the PS molecule would preferentially locate in the inner leaflet in the membranes due to its anionic character rather than neutral PC molecule. Similarly, the PS would also localize to the inner leaflet of the plasma membranes of living cells. Therefore, our method could provide a better mimetic of an actual plasma membrane in comparison to conventional liposomes and other solid material support systems.
In conclusion, bilayer membranes involving negatively charged phospholipids were successfully immobilized on the surface of positively charged polymer beads on the basis of the electrostatic interaction between the phospholipids and the beads. The polymer bead acted as a scaffold material, just like the cytoskeletal filaments, that reinforce the physical structure of the plasma membranes of biological cells [25] . This preparation technique may be applicable for the immobilization of native membranes derived from living cells on spherical supports and hence provide a means to reconstitute membrane proteins on solid support for the study of membrane proteins. We are now examining the reconstitution of the plasma membranes of red blood cells on the cationic SA11A beads.
